Human granulocyte-macrophage colony-stimulating factor (hGM-CSF) induces proliferation and sustains viability of the mouse interleukin (IL)-3 dependent lymphoid cell line BA/F3 expressing the hGM-CSF receptor. Caspase-3 like enzyme activity and DNA fragmentation were augmented by depletion of this factor from the cell, and exposure to g irradiation accelerated kinetics of these events. Anti g irradiationinduced apoptosis occurred through various mutant GM-CSF receptors and only the box1 region was essential while the C terminal region, including tyrosine residues which are required for MAPK cascade activation, was dispensable. Consistent with this notion, the addition of PD98059 had no eect on this activity thereby indicating that activation of MAPK is not essential for the activity. As expected, g irradiation increased p53 protein and bax mRNA levels and the presence of hGM-CSF dramatically modulated bax/bcl-X L ratio. The PI-3K speci®c inhibitor wortmannin did not aect hGM-CSF dependent anti g irradiation induced apoptosis nor bcl-X L induction, thus bcl-X L but not PI-3K pathway seems to be involved in hGM-CSF dependent anti g irradiation-induced apoptosis. It is well documented that the box1 region is essential for GM-CSF dependent activation of JAK2 and JAK2 speci®c inhibitor AG490 suppressed anti g irradiation-induced apoptosis by hGM-CSF. An arti®cial JAK2 activating molecule in which extracellular and the transmembrane of bc fused with whole JAK2 can sustain BA/F3 cells survival and proliferation mIL-3 independently, but these cells are susceptible to g irradiation. Furthermore GyrB/Jak2, which can activate STAT5 but not the MAPK cascade nor survival of BA/F3 cells, also could not prevent g irradiation-induced apoptosis. Although JAK2 is essential for hGM-CSF dependent anti g irradiation-induced apoptosis, it appeared that JAK2 does not seem sucient for the activity. Oncogene (2000) 19, 571 ± 579.
Introduction
Receptors of granulocyte-macrophage colony-stimulating factor (GM-CSF) and interleukin-3 (IL-3) consist of a and b subunits, both of which are members of the cytokine receptor superfamily .
The a subunits are speci®c for GM-CSF and IL-3 receptors and the b subunit (bc) is shared by IL-3, GM-CSF and IL-5 receptors . Using dominant negative JAK2, we found that JAK2 plays an essential role in activities induced by GM-CSF such as proliferation, induction of immediate early genes, phosphorylation of cellular proteins and bc itself (Watanabe et al., 1996) . JAK2 knockout mice are embryonic lethal due to the absence of any de®nitive erythropoiesis (Neubauer et al., 1998; Parganas et al., 1998) and myeloid progenitors from the fetal liver of JAK2-de®cient mice failed to respond to erythropoietin, IL-3 and GM-CSF. When we analysed various bc mutants in BA/F3 and NIH3T3 cells, we found that multiple signaling pathways downstream of JAK2 are activated by hGM-CSFR (Watanabe et al., 1993 (Watanabe et al., , 1995 . One pathway activates the E2F transcription factor and the c-myc promoter which requires the membrane proximal region of bc containing box1/2 regions. This pathway is suppressed by the tyrosine kinase inhibitor genistein (Watanabe et al., 1993) . The other pathway activates the MAPK cascade through the middle three of six C terminal tyrosines (Itoh et al., 1998) . In accordance with the possible involvement of E2F and c-myc in cell proliferation (Bouchard et al., 1998; Dyson, 1998) , GM-CSF induced cell proliferation requires only the membrane proximal box1/box2 region of bc and was completely suppressed in the presence of genistein. This also suggested that neither the MAPK cascade nor STAT5 activation is essential to promote proliferation.
The observation that withdrawal of IL-3 from progenitor cell lines or primary IL-3 dependent bone marrow derived cells resulted in apoptosis of these cells (Collins et al., 1992; Williams et al., 1990) indicates anti-apoptosis activity of IL-3 in hematopoietic cells. Our analysis of the anti depletion-induced apoptosis activity of GM-CSF in mouse IL-3 dependent BA/F3 cells (Palacios and Steinmetz, 1985) showed the same requirement of the bc region as for proliferation promotion (Liu et al., 1999b,c) . Since the bc mutant which activates JAK2 but neither STAT5 nor the MAPK cascade can sustain anti-apoptosis activity, the involvement of JAK2, excluding the above molecules for anti-apoptosis activity, seems likely. Further analysis using the tyrosine kinase inhibitor genistein and the MEK1 inhibitor, PD98059, indicated that activation of either the genistein sensitive signaling or the PD98059 sensitive signaling pathways of bc may be sucient to suppress apoptosis (Liu et al., 1999c) . Consistent with this notion, it was reported that constitutive active Ras prevents DNA fragmentation induced by factor depletion but that dominant negative Ras failed to block the anti-DNA fragmentation activity or the cell viability induced by IL-3 (Okuda et al., 1994; Terada et al., 1995) . These observations indicate that activation of the Ras/MAPK pathway by IL-3/GM-CSF is dispensable for the anti-apoptosis activity of GM-CSF while forced activation of this pathway can rescue cells from factor depletion induced apoptosis.
Exposure of cells to DNA damaging agents resulted in p53-dependent apoptosis and a p53-independent G2/ M cell cycle arrest. Ionizing irradiation induces G1 cell cycle arrest or apoptosis depends on cell type (Clarke et al., 1993; Kastan et al., 1992; Lowe et al., 1993) . Exposing the mIL-3 dependent BA/F3 cell line to g irradiation-induced apoptosis at a faster rate than that seen by factor depletion in the same cell line (Canman et al., 1995) . It was reported that IL-3 protects mouse bone marrow cells from the apoptosis induced by DNA damaging agents such as X irradiation, etoposide and cisplatin, and it was suggested that bone marrow progenitor cells might be protected by appropriate cytokines administered during chemo-or radiotherapy of nonhaematopoietic tumors (Collins et al., 1992) . Regarding the mechanism by which initial DNA damage leads to subsequent cleavage of DNA, the role of ATM, c-abl and the p53 cascade, as a possible eector pathways, can lead to apoptosis (Baskaran et al., 1997; Shafman et al., 1997) . Upstream signals regulating these events are not unclear.
In the present study, we attempted to elucidate GM-CSF signals required to prevent anti g irradiationinduced apoptosis. We found an essential role for box1 but not the C terminal region containing tyrosine residues in preventing DNA fragmentation. This requirement is the same as that needed for cell survival and JAK2 through the box1 region may have a role in this event. Arti®cial activation of JAK2 by chimeric fusion proteins sustains cell survival but does not prevent the DNA fragmentation induced by g irradiation.
Results
g irradiation accelerates the kinetics of DNA fragmentation and caspase activation by factor depletion in BA/F3 cells BA/F3 is an mIL-3 dependent cell line (Palacios and Steinmetz, 1985) which cannot survive without mIL-3, even in the presence of FCS. DNA damage by drugs or ionizing irradiation leads to apoptosis in various organs, and g irradiation-induced DNA damage is known to cause BA/F3 cell apoptosis (Canman et al., 1995) . We characterized the factor depletion-induced DNA fragmentation of BA/F3 cells by TUNEL assay (Gorczyca et al., 1993) , using a¯ow cytometer and found evidence for DNA fragmentation 4 h after factor depletion. Over 80% of the cells showed DNA fragmentation after 24 h (data not shown). We ®rst analysed eects of g irradiation for DNA fragmentation in BA/F3 cells expressing wild type hGM-CSFR (BA/F-wild). Cells were exposed to various doses of g irradiation in the absence of factors, and TUNEL analysis was done after 6 h of incubation. As shown in Figure 1a , DNA fragmentation was only slight after 6 h of factor depletion. When the cells were exposed to the g irradiation, the population of DNA fragmented cells increased, in a g irradiation dose-dependent manner.
The caspases (Alnemri et al., 1996) , play key roles in apoptosis (Salvesen and Dixit, 1997) . We next analysed caspase-3 (Kumar et al., 1994) -like enzyme activation in BA/F-wild cells using speci®c¯uorigenic peptide substrates and a spectro¯uorophotometer. By factor depletion, caspase-3 like activity was observed after 6 h (Figure 1b closed circles) and the activity continuously increased for at least up to 24 h after depletion (data not shown). In contrast, when we used Ac-YVAD-MCA, a caspase-1 speci®c substrate (Thornberry et al., 1992) , no enzymatic activation was detected (data not shown). When cells were exposed to dierent doses of g irradiation, caspase-3 enzyme activity was clearly enhanced, in a dosedependent manner. Caspase-1-like enzyme activity was not observed under the same conditions (data not shown). Among several putative caspases cellular substrate proteins, a-fodrin is one reported to be degraded by caspase from 240 to 150 kDa and 120 kDa fragments (Cryns et al., 1996) . We next examined degradation of a-fodrin after factor depletion from BA/F3 cells by Western blotting of the total cell lysate. With mIL-3 depletion, a-fodrin was initially degraded into fragments with several molecular weight including 150 and 120 kDa ( Figure 1c , lanes 1, 3 and 5), and only the 120 kDa fragment was observed after 24 h depletion (our unpublished results). When the cells were subjected to 10 Gy of g irradiation, degradation of a-fodrin was enhanced, as compared to that induced by factor depletion alone ( Figure 1c , lanes 2, 4 and 6). These results indicate that g irradiation accelerates kinetics of apoptosisrelated events observed with factor depletion in BA/F3 cells.
bc regions involved in protecting cells from the apoptosis induced by g irradiation We found that only the box1 region is essential for prevention of depletion induced apoptosis and that no other region including tyrosine residues, plays an essential role (Liu et al., 1999c) . We then asked if the same region of bc that prevented depletion-induced apoptosis would prevent g irradiation-induced apoptosis. Fall (Itoh et al., 1998 ) is a mutant bc lacking all the cytoplasmic tyrosine residues and Dbox1 (Watanabe et al., 1996) is an internal deletion mutant bc lacking the box1 region which is essential for activation of JAK2. To examine roles of tyrosine residues and box1 region, we analysed g irradiation induced DNA fragmentation in BA/F3 cells expressing wild type a subunit and either Fall or Dbox1 (BA/F-Fall, -Dbox1, respectively). As shown in Figure 2a , the addition of hGM-CSF suppressed DNA fragmentation in BA/F-wild and Fall cells, but did not cause suppression through the Dbox1 mutant. It is notable that the suppression was not so complete as that seen in the case of depletion-induced apoptosis. When induction of caspase-3 activity was analysed under the same conditions (Figure 2b ), the wild type receptor suppressed the activity. In contrast, Fall suppressed induction of g irradiation dependent caspase-3 like enzyme activity signi®cantly but not completely.
Levels of p53, bax and bcl-X L
We next examined the levels of several apoptosis related molecules. The amount of p53 is known to be increased after g irradiation (Canman et al., 1995) and levels of this molecule were checked before and after g irradiation in the presence or absence of hGM-CSF in BA/F-wild cells. BA/F-wild cells were depleted of mIL-3 and resuspended in medium with or without hGM-CSF (10 ng/ml). The cells were then exposed to g irradiation (10 Gy), cultured for 1 h, and immunoprecipitation followed by Western blotting were done by using an anti p53 antibody. Figure  3a shows that the level of p53 is dramatically increased by g irradiation in BA/F3 cells and that this level was not aected by the presence or absence of hGM-CSF.
We next analysed bax and bcl-X L mRNA levels using Northern blotting. Bax mRNA is induced by g irradiation even in the presence of hGM-CSF ( Figure  3b ). Unlike the case of p53, the bax level was suppressed slightly by hGM-CSF. Calculation of band intensity indicated that the level of induction was signi®cantly but not completely suppressed by hGM-CSF ( Figure 3c ). We previously found that bcl-X L but not bcl-2 was induced by hGM-CSF in BA/F-wild cells (Liu et al., 1999c) . Examination of bcl-X L mRNA indicated that induction of bcl-X L occurred through hGM-CSF even when the cells were treated by g irradiation (Figure 3b ). Figure 3c shows the relative level of bcl-X L to the bax level. The ratio of these two genes is increased by g irradiation and this value is decreased in the presence of hGM-CSF. Taken together, we speculate that the ratio of bcl-X L and bax may change signi®cantly by hGM-CSF when cells are treated with g irradiation and such may explain the mechanism of the anti g irradiation induced apoptosis by hGM-CSF.
Effects of various inhibitors for signaling molecules on anti-apoptosis activity of hGM-CSF GM-CSF activates PI-3K, Akt and involvement of these kinases for anti apoptosis has been documented (Franke et al., 1997; Peso et al., 1997; Zha et al., 1996) . We found that both activities induced by GM-CSF are suppressed in the presence of wortmannin, a PI-3K inhibitor (Liu et al., 1999c) . We used wortmannin to examine the involvement of PI-3K, Akt for prevention of g irradiation-induced apoptosis by GM-CSF. Wortmannin was added 30 min before exposure to g irradiation and TUNEL analysis was done after 6 h of incubation. As shown in Figure 4a , wortmannin did not aect this activity. The same results were obtained when we added wortmannin to cultures every 2 h (data not shown). There are at least two distinct signaling pathways of the hGM-CSFR, one for activation of the c-myc gene and cell proliferation which is sensitive to the tyrosine kinase inhibitor genistein and the other for activation of c-fos gene which is sensitive to the MEK1 inhibitor PD98059 (Alessi et al., 1995; Watanabe et al., 1993) . Figure 2 Requirement of the bc region to prevent the apoptosis induced by g irradiation. BA/F-wild, Fall, Dbox1 were exposed to 10 Gy of g irradiation then cultured in hGM-CSF (10 ng/ml) supplied medium or depleted medium for 6 h and DNA fragmentation (a) and caspase-3 like enzyme activity (b) were examined. In (b), enzyme activities of factor depleted without g irradiation sample ( ), g irradiated then cultured with factor depleted medium ( ), mIL-3 ( ) or hGM-CSF supplied medium ( ) samples are shown. Values are relative to those for the g irradiated-depleted sample. Experiments were done four times and representative results of one experiment are presented Using these inhibitors, we found that inactivation of either one of the pathways by genistein or PD98059 did not aect anti depletion-induced apoptosis by hGM-CSF (Liu et al., 1999c) . However, when we added both inhibitors, the activity for anti-DNA fragmentation by hGM-CSF was lost. Therefore, these two pathways may have a redundant role in the anti depletion-induced activity of hGM-CSF. Based on these ®ndings, we analysed eects of these inhibitors on prevention of g irradiation induced apoptosis. We ®rst examined eects of genistein and PD98059 on g irradiation-induced apoptosis itself. We previously found that neither PD98059 nor genistein aected depletion induced apoptosis. In contrast, genistein but not PD98059 suppressed DNA fragmentation induced by g irradiation (data not shown). A similar inhibition of g irradiationinduced apoptosis by genistein has been observed in a dierent system (Uckun et al., 1996) . When we examined eects of PD98059 on hGM-CSF dependent prevention of g irradiation-induced apoptosis, we found this activity was never aected in the presence of PD98059 ( Figure  4a ). Taken together, neither PI-3K nor the MAPK cascade may be essential for the anti g irradiationinduced apoptosis activity of hGM-CSF.
A B
JAK2 plays an essential role for various hGM-CSF activities and that JAK2 activation depends on the box1 region of bc (Quelle et al., 1994; Watanabe et al., 1996) . Since deletion of the box1 region abrogated the potential for hGM-CSFR to maintain cell survival, JAK2 is likely to play an essential role in transducing signals for anti g irradiation-induced apoptosis. To gain support for this notion, we examined the eects of AG490, a speci®c inhibitor of JAK2 (Marrero et al., 1997; Meydan et al., 1996) , for the anti DNA fragmentation activity of hGM-CSF. We had earlier examined the eects of AG490 on the JAK2 phosphorylation induced by hGM-CSF by immunoprecipitation followed by Western blotting, using an anti-phosphotyrosine antibody (Liu et al., 1999b) . We found that the presence of 50 mM of AG490 partially inhibited tyrosine phosphorylation of JAK2 and tyrosine phosphorylation was never observed with 200 mM of AG490. We also examined the eect of AG490 for hGM-CSF dependent anti factor depletioninduced apoptosis in BA/F-wild cells and found that addition of 50 mM of AG490 completely suppressed this activity (Liu et al., 1999b) . Although the cells were considered to be morphologically non-viable, nō uorescence positive fraction was detected using a¯ow cytometer and we speculated that this phenomenon could be caused by inhibition of enzymatic labeling of fragmented DNA by AG490. Thus, in the present work, we examined DNA fragmentation using gel electrophoresis. BA/F-wild cells were preincubated for 2 h with various doses of AG490 in the presence of hGM-CSF (10 ng/ml), followed by g irradiation (10 Gy). As shown in Figure 4b , DNA fragmentation was not observed in the presence of hGM-CSF and 25 or 50 mM of AG490 dose dependently suppressed hGM-CSF dependent anti DNA fragmentation, thereby indicating that JAK2 has an essential role in mediating the anti-apoptotic activity of hGM-CSF in BA/F3 cells. In the presence of over 100 mM of AG490, the extent of DNA fragmentation rather decreased. This phenomena may be caused by non speci®c eects of AG490 for molecules other than JAK2.
JAK2 activation is not sufficient for anti g irradiationinduced apoptosis
Since mutation analysis of bc revealed the importance of the box1 region of bc for anti g irradiation-induced C A B Figure 3 Analysis of p53, bax and bcl-X L after g irradiation in the presence or absence of hGM-CSF. BA/F-wild cells were depleted of mIL-3 and resuspended in medium with or without hGM-CSF (10 ng/ml). Next the cells were exposed to g irradiation (10 Gy), and left for 1 h for p53 assay and 6 h for bax and bcl-X L assays. Whole cell lysate for analysis of p53 level (a) or mRNA to examine the levels of bax and bcl-X L (b) were prepared and Western blotting using anti p53 antibody (a) or Northern blotting using bax, bcl-X L or G3PDH as probes was performed (b). (c) Band intensity of (b) was calculated using BAS2000 (Fuji). The upper and the middle panels indicate bax and bcl-X L band intensities normalized by that of G3PDH. The lower panel shows the ratio of normalized values of bax and bcl-X L apoptosis and JAK2 exerts activity through interaction with the box1 region, we next examined the role of JAK2, using an arti®cial JAK2 activation system. We constructed various fusion proteins between JAK2 and other molecules, which form dimers such as E. coli DNA gyrase (Farrar et al., 1996) or receptor bc, to activate JAK2 by receptor independently, by arti®cial dimerization. Among these constructs, the chimeric molecule b/JAK2 which contains the extracellular and transmembrane of bc fused to the N terminus of the entire JAK2 molecule made BA/F3 cells factor independent (Liu et al., 1999a) . Thus BA/ F3 cells stably expressing b/JAK2 (BA/F-b/JAK2) proliferate and do not show apoptotic features in the absence of mIL-3. We next checked the sensitivity to g irradiation of BA/F-bJAK2. When BA/F-b/JAK2 cells were exposed to g irradiation, DNA fragmentation occurred and was completely suppressed in the presence of mIL-3 (Figure 5a ). We next analysed BA/F3 cells expressing GyrB/JAK2 which can be activated by coumermycin through dimerization of GyrB region. In contrast to the ®nding that the b/ JAK2 localizes in plasma membrane proximal regions, GyrB/JAK2 can be activated in the cytosol by adding coumermycin. GyrB-JAK2 consists of the entire JAK2 molecule and the bacterial GyraseB dimerization domain which is inserted between JH2 and JH3 domains. Our previous results indicate that activation of the GyrB/JAK2 induces STAT5 activation but neither MAPK cascade activation nor proliferation (Mohi et al., 1998) . We then analysed DNA fragmentation of BA/F-GyrB/JAK2 cells, exposed or not to g irradiation. After 6 h of mIL-3 depletion, slight DNA fragmentation occurred and the addition of coumermycin did not lead to a suppression ( Figure  5b ). This observation is consistent with our previous ®nding that GyrB/JAK2 cannot prevent depletion induced apoptosis (Mohi et al., 1998) . When cells were exposed to g irradiation at the start of depletion, DNA fragmentation was signi®cantly accelerated. Although the presence of mIL-3 prevented DNA fragmentation, addition of coumermycin did not suppress this fragmentation. These results indicate that regardless of subcellular localization, activation of JAK2 itself is not adequate to prevent the apoptosis induced by g irradiation. It is notable that only A B Figure 4 Eects of wortmannin, PD98059, and AG490 on hGM-CSF-dependent prevention of g irradiation-induced apoptosis. (a) Eects of PD98059 and wortmannin on anti g irradiation-induced DNA fragmentation of hGM-CSF. BA/F-wild cells were treated with PD98059 (15 min) or wortmannin (30 min) prior to stimulation by hGM-CSF then DNA fragmentation was analysed after 8 h, using TUNEL analysis. (b) Eect of AG490 for anti g irradiation induced DNA fragmentation was analysed by gel electrophoresis. Various doses of AG490 were added 2 h prior to g irradiation (10 Gy), then after 6 h, cells were harvested and DNA fragmentation was analysed using gel electrophoresis membrane localized JAK2 can prevent depletioninduced DNA fragmentation.
Discussion

Role of JAK2 in anti g irradiation-induced apoptosis
In this study, we used hGM-CSFR bc mutants, and found the essential role of box1 region to resist the apoptosis induced by g irradiation in BA/F3 cells. There was a report showing an essential and sucient role of JAK2 activation through the plasma membrane proximal domain of erythropoietin receptor (EPOR) for anti g irradiation-induced apoptosis in 32D cells (Quelle et al., 1998) . The observation that the box1 region of EPOR and bc exerts activity through interaction with JAK2 (Quelle et al., 1994; Witthuhn et al., 1993) , also means that only JAK2 is essential and sucient for prevention of the apoptosis induced by g irradiation. Our attempt to con®rm this point using chimeric bc/JAK2 constructs (Liu et al., 1999a) revealed that BA/F3 cells expressing b-JAK2 failed to suppress the DNA fragmentation induced by g irradiation. Since BA/F-b/JAK2 survived in the absence of mIL-3, it can be speculated that depletion induced apoptosis is completely prevented by signals from b/JAK2 and that additional signals are required for prevention of g irradiation-induced apoptosis. Another study on EGF/JAK2 fusion protein in 32D cells revealed protection against cell death induced by g irradiation by activation of EGF/JAK2 (Quelle et al., 1998) . The EGF/JAK2 induced phosphorylation of STAT5 but not the MAPK cascade (Nakamura et al., 1996) indicated a role for STAT5 activation. Attempts to examine the role of GyrB/JAK2, which induced STAT5 activation (Mohi et al., 1998) , showed no eect of activation of GyrB/JAK2 on anti g irradiation apoptosis, and suggested that activation of STAT5 is not sucient to prevent factor depletion induced as well as g irradiation-induced apoptosis. EGF/JAK2 contains only the JH1 region (kinase domain) of JAK2 while b/JAK2 contains the entire JAK2 molecule and it is possible that EGF/JAK2 may have a wider substrate speci®city.
Role of STAT5 and MAPK cascade in anti g irradiationinduced apoptosis
Analysis using the Fall mutant with all the tyrosine residues mutated to phenylalanine indicated that the C terminal region of bc which contains tyrosine residues is not necessary but does have enhancing activity to prevent apoptosis. Fall maintains full potency to activate JAK2 but is not capable of activating STAT5 or the MAPK cascade (Itoh et al., 1998) , indicating a role for JAK2 but not for MAPK nor STAT5 in the anti g irradiation-induced apoptosis activity of GM-CSF. The observation that the MEK1 inhibitor does not aect the anti g irradiation-induced apoptosis by GM-CSF means that the MAPK cascade is not required. These observations are essentially the same as observed in the case of anti factor-depletion induced apoptosis. In accordance with our results, previous studies done using mutant EPOR in 32D and DA3 cells led to a similar conclusion regarding the dispensable role of MAPK and STAT5 activation (Quelle et al., 1998) .
Involvement of other signaling molecules through box1 region
Although it is assumed that JAK2 is mainly responsible for importance of the box1 region for cytokine signals, there is the possibility that signaling pathways other than JAK2, arose from the box1 region and play a role in anti g irradiation-induced apoptosis within GM-CSF signals. When we examined molecules other than JAK2 binding to the box1 region by pull down assay using recombinant GST-box1/box2 protein, we found multiple proteins including Lyn (M Takedo, S Watanabe, 1999 unpublished results) . Therefore multiple molecules may co-operate with JAK2 to prevent the apoptosis induced by g irradiation. A role for Lyn in inhibiting neutrophil apoptosis by GM-CSF (Wei et al., 1996) and for IL-5 anti-apoptotic activity in eosinophils was reported (Pazdrak et al., 1998) . The contribution of nuclear Lyn in the arrest at G2/M phase following exposure to DNA damaging agents was suggested (Kumar et al., 1998) . Thus Lyn is a possible candidate for preventing of the apoptosis induced by g irradiation in BA/F3 cells. We then transiently transfected constitutively active Lyn or dominant negative Lyn to BA/F-wild or BA/F-bJAK2 cells, but a clear augmentation or suppression of viability of the cells by introduction of these constructs was never observed (data not shown).
Role and nature of targets of tyrosine kinase inhibitor genistein
In the case of anti depletion-induced apoptosis, the alternative role of genistein sensitive and MEK1 pathways was indicated (Liu et al., 1999c) but the role of the genistein sensitive pathway could not be evaluated since apoptosis induced by g irradiation itself is inhibited in the presence of genistein. These observations indicate that there are dierent cellular targets of genistein, one plays an essential role in induction of g irradiation-induced apoptosis while the other functions as an anti-apoptosis signal of GM-CSF. We found no gross change in cellular tyrosine phosphorylation for up to 20 min after g irradiation (data not shown). In addition, eects of genistein on hGM-CSF-induced tyrosine phosphorylation of cellular protein were not observed in the 2D gel electrophoresis (data not shown) suggesting the possibility that the target of genistein is something other than tyrosine kinase. Further analyses to examine the targets of genistein may lead to the understanding of mechanisms of anti-apoptosis as well as g irradiation induced apoptosis.
Materials and methods
Chemicals, media and cytokines
Fetal calf serum (FCS) was from Biocell Laboratories Co. Ltd. (Carson, CA, USA). RPMI 1640 was from Nikken BioMedical Laboratories Co. Ltd. (Kyoto, Japan). Recombinant mIL-3 expressed in silkworm, Bombyx mori, was puri®ed, as described (Miyajima et al., 1987) . Recombinant hGM-CSF and G418 were gifts from Schering-Plough Corp. (Union, NJ, USA). Peptides conjugated with¯uorescent compounds were purchased from Peptide Institute Inc. (Osaka, Japan). PD98059 was from New England Biolabs, Inc (Beverly, MA, USA). Wortmannin was from Sigma (Steinheim, Germany) and genistein was purchased from Wako (Osaka, Japan). AG490 was a gift from Mitsubishi Chemical Corporation (Tokyo, Japan).
Cell lines and culture methods
The mIL-3-dependent pro-B cell line, BA/F3 (Palacios and Steinmetz, 1985) was maintained in RPMI 1640 medium containing 5% FCS, 0.25 ng/ml mIL-3, 100 units/ml penicillin, and 100 mg/ml streptomycin. For washing or depletion of the cells, the same medium without mIL-3 was used (depletion medium). Various BA/F3 cell clones expressing wild type hGM-CSFRa and hGM-CSFRb (BA/F-wild), or wild type hGM-CSFRa and one of hGM-CSFRb mutants, Fall, Dbox1 (BA/F-Fall, -Dbox1, respectively) and BA/F-b/ JAK2 (BA/F3 cells expressing chimeric b/JAK2) and BA/FGyrB/JAK2 (BA/F3 cells expressing chimeric GyrB/JAK2) were grown in the same type of medium but 500 mg/ml G418 was added as a supplement. For DNA damage studies, exponentially growing cells were washed three times in RPMI1640 containing 5% FCS media. The cells were then resuspended in the same media in the presence or absence of 10 ng/ml of hGM-CSF as indicated. Cultures were exposed to g irradiation with a 137 Cs source (Gammacell 40, Atomic Energy of Canada Limited, Ottawa, Canada) at a dose rate of 1 Gy/min, then the cultures were then returned to a 378C, 5% CO 2 incubator until analysis.
Analysis of caspase enzymatic activity
Caspase enzymatic activity was analysed as described (Liu et al., 1999c) . Brie¯y, cell lysates (2610 6 /10 ml) was incubated with¯uorigenic substrate peptides (®nal concentration at 1.5 mM) in 2 ml of enzyme reaction buer (100 mM HEPES-KOH, pH 7.5, 10% sucrose, 0.1% CHAPS, 10 mM DTT, 0.1 mg/ml ovalbumin) for 30 min at 378C. The peptides conjugate with¯uorescent compounds, Ac-YVAD-MCA and Ac-DEVD-MCA (Thornberry et al., 1992) were used as speci®c substrates for enzyme analysis of caspase-1 (YVAD) and caspase-3 (DEVD). Protease activities were determined by monitoring the release of¯uorescent compounds, using a spectro¯uorophotometer (RF-5300PC, Shimadzu, Japan). Wavelengths are excitation wavelength (ex) of 380 nm and emission wavelength (em) of 460 nm with a band path of 5 nm. Protein concentration of the lysates was determined using a BCA protein assay kit (PIERCE, Rockford, IL, USA) and¯uorescence values were expressed as a value relative to the protein concentration.
DNA fragmentation assay
DNA fragmentation assay was done by TdT-mediated dUTP-biotin nick end labeling (TUNEL) assay (Gorczyca et al., 1993) as described (Liu et al., 1999c) using Takara in situ apoptosis detection kits (Takara Biomedicals, Japan) according to the manufacturer's instruction.
For DNA ladder assay, cells (1 ± 5610 6 ) were washed with PBS and lysed with 450 ml of lysis buer (10 mM Tris-HCl, pH 8.0, 1 mM EDTA, 10 mM NaCl, 0.5% (v/v) Triton X-100) and kept on ice for 30 min. The lysate was centrifuged and the supernatant was extracted twice with phenol/ chloroform (1 : 1) and chromosomal DNA was ethanol precipitated. The DNA pellets were suspended in 20 ml TE containing 20 mg/ml RNase and electrophoresed through a 1.5% agarose gel and the fragmented DNA was stained with ethidium bromide.
Northern blotting of bcl-X L and bax
The mRNA used for Northern blotting was prepared using the FastTrack 2.0 Kit (Invitrogen, CA, USA), according to the manufacturer's instruction. One mg mRNA was electrophoresed through a 1.2% agarose gel containing 6% formaldehyde then was transferred to a nylon membrane (Hybond-N, Amersham, UK) and ®xed by UV crosslinking (Spectrolinker 2 XL-1000, UV Crosslinker). The membrane was hybridized with cDNA probes (bax, bcl-X L , G3PDH) labeled with 32 P-dCTP using random priming kits (Ready To Go, Pharmacia Biotech). The blotted membranes were visualized and quanti®ed using a Fuji image analyser (model BAS-2000) . Mouse bcl-X L gene used for probe was kindly provided by Dr Y Tsujimoto (Osaka University). Mouse bax gene was cloned from mRNA of BA/F3 cells by RT ± PCR using 5'-ACCAGCTCTGAACAGATCATG-3' (nt 40 ± 60) and 5'-TCAGCCCATCTTCTTCCAGATG-3' (nt 558 ± 579) as primers.
Western blotting of a-fodrin and p53
BA/F3 cells were washed to deplete mIL-3 and half the number of cells was exposed to g irradiation. After the indicated time in culture without mIL-3, the cells were lysed with 500 ml of lysis buer (20 mM Tris, pH 7.5, 150 mM NaCl, 1 mM EDTA, 0.5% NP-40, 1 mM sodium orthovanadate, 1 mM PMSF) for 1 h. For a-fodrin Western blotting, 20 mg protein of total cell lysate were separated through 5% SDS-polyacrylamide gel. Western blotting was done using the mouse anti-spectrin monoclonal antibody (Chemicon International Inc., CA, USA). For p53, immunoprecipitation was done using anti p53 antibodies, Ab-1 and Ab-5 (Oncogene Research Products, Cambridge, MA, USA) and protein G sepharose, then Western blotting was done using anti p53 antibody, Ab-1.
